This paper presents results from an experimental study of the influence of embedded defects created during automated fiber tape placement, on the mechanical properties of carbon/epoxy composites. Two stacking sequences have been examined, [(-45°/+45°)3/-45°] and [90°4/0°3/90°4], in which gaps and overlaps have been introduced during fiber placement. These materials have been cured in an autoclave either with or without a caul plate, then analyzed by ultrasonic C-scan. The microstructures were characterized by scanning electron microscopy. In-plane shear tests were performed on the ±45° laminates and showed that the use of a caul plate does not affect mechanical behavior of plies in the embedded defect region. Compression tests were performed on 0/90° laminates and in this case the presence of a caul plate is critical during polymerization as it prevents thickness variations and allows defects to heal.
Introduction
The automated fiber placement process (AFP) allows the aeronautical industry to produce large primary composite structures with complex shapes. This technology results in high quality manufacturing while reducing production time [1, 2] .
In order to master the AFP process it is essential to control both the process parameters (heating temperature, compaction pressure, placement speed …) and the machine trajectories.
Various numerical studies have enabled design rules to be developed which optimize these trajectories, so that the final mechanical properties (stiffness and strength) can be maximized [3, 4] . However, this optimization may cause defects to appear, in the form of gaps or overlaps, which modify local geometry and microstructure. Both numerical and a few experimental studies have focused on the influence of such defects on the final mechanical properties of components [5] [6] [7] [8] [9] [10] [11] [12] . Croft et al. [13] have shown that when gaps and overlaps of different dimensions were introduced in the longitudinal direction they did not affect in-plane compression or shear properties. However, when the defects were placed in the transverse direction a drop in shear properties was measured, caused by the fiber waviness resulting from the defects. More recently [14] the influence of gaps and overlaps on tensile properties of carbon/epoxy laminates was studied by the present authors. This study indicated that the presence of a caul plate during autoclave cure can allow healing of defects in some cases. For a laminate with several plies with the same orientation the caul plate completely removed the singularities resulting in only a local thickness variation. The tensile properties were then the same as those in a laminate lay-up without defects. For an alternating stacking sequence the role of the caul plate is less important, but it still encourages material flow and limits local thickness variations.
The aim of the present study is to complete that work [14] on the influence of gaps and overlaps by examining other in-plane loading cases. Embedded gap and overlap defects have been introduced into [(-45°/+45°) 3 /-45°] and [90°4/0°3/90°4] laminates. These were then cured either with or without a caul plate in an autoclave in order to study the influence on composite microstructure. Ultrasonic C-scan inspections were performed to check composite quality, then scanning electron microscopy was used to examine the areas where the defects were embedded. Finally, in-plane shear (tension on ± 45° laminates) and compression tests were performed to quantify the effects of embedded defects on mechanical properties.
Material and methods

Material
The material studied is carbon-reinforced prepreg (8552/AS4/RC34/AW194) from Hexcel
Composites [15] . The nominal baseline fiber volume fraction and the nominal cured ply thickness are respectively 57 ± 2 % and 0.18 ± 0.01 mm. The prepreg is presented as a tow of width 6.35 ± 0.25 mm. All plates were manufactured with the same batch of raw material.
Choice of lay-up and defect type
The stacking sequences and defect types were selected to provide information on the influence of extreme cases, compared to the response of the standard aeronautical configuration tested under the same conditions. For shear tests a [(-45°/+45°) 3 /-45°] sequence was selected so that standard in-plane shear tests could be used. Gaps and overlaps were introduced in the third and fourth plies, the two defects were superposed to accentuate their effect. For compression tests an eleven ply [90°4/0°3/90°4] sequence was adopted, compatible with the standard test procedure, with defects in all the eight 90° plies, superposed at the centre of the specimens. These are clearly both severe cases, but were chosen following the experience gained in a previous study on tensile behavior [14] to allow defects to be clearly identified within the composite microstructure and to be able to measure their influence using standard tests.
Manufacture of samples
To manufacture the different plates, the robot arm and placement head developed by Coriolis Composite were used [16] . This enabled 8 prepreg fiber tows to be laid up simultaneously with a total width of 50.8 mm (8*6.35 mm) per passage. Heating was by an IR lamp which provides localized heat to enhance adhesion between the succeeding plies. A compaction force of 600 N was applied during the draping operation. The deposition speed was 0.1 m/s.
To obtain a smooth surface, the first ply was laid up over a film of Teflon Wrightlon 5200 supplied by Airtech® maintained by vacuum. The off-line programming software of the machine was used to create gaps or overlaps in chosen areas of the panels by staggering of sectors.
Processing cycle
The autoclave cycle respected the cure conditions of the pre-impregnated carbon/epoxy provided by the supplier of the material (maximum temperature 180°C and maximum pressure 7 bars).
To determine the influence of the presence of a plate during the curing phase in an autoclave, a first series of plates was polymerized without a caul plate. A second set of laminates was polymerized with a caul plate, a 2 mm thick aluminum plate introduced in the vacuum bag, during the autoclave cure. A Wrightlon 5200 PTFE film provided by AirTech® was placed between the plate and the laminate to allow the flow of the material during the temperature rise and the sliding of the plate during curing.
Ultrasonic C-Scan inspections
For this study, ultrasonic C-Scan was used for analysis of the sample material quality. The ultrasonic C-scan equipment (Sofratest 49944) used for the inspections was equipped with a transducer and a plane aluminum panel acting as a reflector. The control was performed by a focused transducer, with a frequency of 10 MHz and a focalization length of 76 mm, which scans in the X and Y directions thanks to a motorized system that allows the entire surface of the part to be covered. The acquisition step is 0.5mm.
SEM analysis and Image analysis
The morphology of the embedded defects and the organization of plies were observed with a Jeol JSM 6460 LV scanning electron microscope. The area examined was located in the middle of the plates, where the defects were introduced during layup. The samples were cut then polished to 1 micron in order to obtain flat, clean surfaces before examination.
Assemblies of several images were necessary to re-create all the zones affected by the defects.
Mechanical tests
Mechanical tests were performed on an Instron™ hydraulic test machine with a load cell of 50 kN at a loading rate of 2 mm/min. For each configuration, an average of eight specimens was tested. These specimens were cut from the plates using a diamond tipped disc with water cooling, then the specimen edges were polished to limit crack initiation.
In-plane shear tests were carried out according to the ISO 14129 standard [17] on [(-45°/+45°) 3 /-45°] laminates. In order to limit stress concentrations that may be caused by the clamping system of the tensile testing machine and to avoid premature failure, 2mm thick aluminum tabs were bonded to each end of the specimen using a two component epoxy adhesive. Biaxial strain gauges in the axial and transverse directions were placed on one face of the specimen in three locations (one at the middle of the specimen and one at each end).
For in-plane shear tests, the Aramis® (GOM, Germany) optical system was used to measure the full-field displacements and strains on the outer plies with Digital Image Correlation. The shear stress was calculated at 5% shear strain as recommended in the standard, and shear modulus was determined between 0.1 and 0.5% strain.
Load-unload cycle tests were also performed on some specimens, by progressively increasing the maximum load until failure. Axial and transverse strain gauges were placed in the center of the specimens in order to measure strains and to calculate modulus and damage factor during load-unload cycles. The initial shear modulus was determined by linear regression over a strain range from 0 to 0.1 %. During load-unload cycles the load was increased by 0.8 kN each cycle. The damage factor was calculated using the difference between the initial slopes and those at the maximum stress as defined in the model proposed by Ladevèze [18] . where is the initial modulus, the modulus for cycle (i) and is the maximum stress for each cycle i.
Compression tests were carried out according to the ISO 14126 standard [19] with the IITRI fixture on the [90°4/0°3/90°4] specimens. In order to limit stress concentrations that may be caused by the clamping system of the tensile testing machine and to avoid premature failure, 0.7 mm thick glass/epoxy tabs oriented at ± 45° were bonded to each end of the specimen using a two component epoxy adhesive. Longitudinal and transversal strain gauges were bonded in the center on both sides of the specimen. The compression modulus was determined from the slope of the stress-strain curve for a strain range from 0.05 % to 0.25 % following the standard. Compression strength was determined from the force at failure divided by the local cross section at the failure location.
Results and discussion
In plane shear properties
Description of the stacking sequence
Three series of forty specimens each with seven plies and with a stacking sequence of [(-45°/+45°) 3 /-45°] were manufactured. In these plates, three configurations of embedded defects were introduced during the draping operation. These were designed to represent a critical situation; the defects were introduced in the third ply, oriented at -45°, and fourth ply, oriented at +45°, at the point where these cross at the center of each of the plates. The dimensions of the defects, equivalent to half the width of a tow (3.175 mm), have also been exaggerated to accentuate their effects on shear properties. A plate containing ten specimens of the same configuration without a defect was also manufactured manually under the same conditions of implementation to serve as a reference, Figure 1 (i).
The first configuration contains a 0.5 mm gap (Figure 1 (ii)). This gap is a machine tolerance required by aircraft manufacturers to avoid extra thickness in manufactured parts [13] . This plate is considered as the aircraft reference when using the automated fiber placement process. The second configuration studied contains a gap of 3.175 mm (Figure 1 (iii) ). This is obtained by offset of the equivalent of a half-tow in the center of the plate in the third and fourth plies. This defect is commonly induced during the production of curved parts when passing from one sector to another. The last configuration studied corresponds to an overlap of 3.175 mm (Figure 1 (iv) ). This is obtained by offsetting by the equivalent of a half-tow at the center of the plate creating a local extra thickness of the third and fourth plies. This defect may be induced in the manufacture of a complex shape which results in a variation of the position of the tapes. The first series of twenty specimens of each defect configuration was manufactured with a caul plate. The second series with exactly the same stacking sequence and defects was then produced without the caul plate.
Microstructure analysis
In order to understand the changes in the mechanical properties and the effects of the embedded defects, it is necessary to look at the laminate microstructure and the morphology of the samples. The C-scan inspection of the plates at ± 45° with gap and overlap defects showed no macro-porosity whatever the type of polymerization used. It was not possible to locate the gaps and overlaps using ultrasonic inspection for any embedded defect configuration studied when the plate was cured with a caul plate. However, when autoclave curing was carried out without a caul plate, the presence of porosity was clearly visible in the samples containing a gap and an overlap of 3.175 mm.
Scanning electron microscopy was performed on polished sections of defects oriented at 45°
in the 3rd or 4th plies, they are thus visible right across the section, as shown in Figure 2 .
Defects in the 2 nd ply are only apparent in the center, at the intersection between the 3rd and 4th plies.
These inspections revealed no micro-porosity in the laminate produced by hand lay-up nor in any of the AFP plates. However, the manually laid up plate did reveal a different microstructure with respect to the carbon yarns which were clearly visible in each ply ( Figure   3 (i)).
For the AFP laminates with a 0.5 mm gap there is no sign of the defect (Figure 3 (ii) ). There is a variation in microstructure at the carbon yarn level rather than at the tow scale but this has not changed with respect to the reference. The slitting of unidirectional tapes does not degrade the fiber distribution within the cured laminate.
For the laminates containing a 3.175 mm wide gap cured without a caul plate (Figure 3 (iii) ), the missing material in the third ply can be clearly noted. The +45° tows in the fourth ply are not visible at the ply intersection in the center of the specimen. For curing with a caul plate a region with lower fiber content is noted in the third ply. This region was filled by epoxy resin but there is still evidence of the embedded defect. In the adjacent plies the fiber content is increased, but the caul plate has limited the thickness variation.
For the laminate with an overlap, Figure 3 (iv), there is an increase in thickness when no caul plate is used. The quantity of fibers in the fourth ply (observed in the direction at 45° to the embedded defect) increases when there is no caul plate. A larger thickness is also observed in the 3 rd ply in the center. Once again the use of a caul plate reduces the thickness variation (Figure 4 ), but the alternating stacking sequence restrains movement of the fibres during cure and the defect is not completely healed.
Results of In-plane shear tests
Following this microstructural analysis, in-plane shear tests were performed. All the specimens failed at 45° with extensive delamination. For the reference samples with a 0.5mm gap failures were randomly distributed along the specimens. For 3.75 mm gaps and overlaps, failure always occurred at the center of the specimen near the embedded defect, whether or not a caul plate was used during cure. The shear stress-shear strain plots for these tests showed the same non-linear behaviour in all cases ( Figure 5 ). An initial linear behaviour was visible before micro-cracking; this was used to compute the apparent shear modulus. Then a flatter slope with a drop in stiffness is observed with a re-orientation of the plies in the loading direction. Figure 6 and Table 1 show the shear modulus values, measured at the specimen center in the embedded defect region. The local increase in thickness of the specimens with an overlap of half a tape results in a slight increase in modulus, of between 1.8 % and 2 %, compared to the AFP reference specimens. The presence of a gap leads to a drop of 5 to 10%, with or without caul plate, compared to the manual or AFP 0.5mm gap reference values.
The shear stresses at 5% shear strain are shown in Figure 7 and Table 1 Failure stresses of specimens with overlaps and produced without a caul plate are unchanged, but when a caul plate is used this value drops to around 100 MPa.
Load/Unload shear cycles
The tension tests on specimens laid up at ± 45° provide the shear properties of the different AFP laminates. In order to examine whether the embedded defects affect the damage development a series of specimens was tested with load/unload cycles. This allows the onset and progression of damage to be examined by measuring changes in stiffness [17] . The specimens have the same stacking sequence [(-45°/+45°) 3 /-45°], as those described previously and the same embedded defects (Figure 1 ). Figure 8 shows examples of stress-strain curves for the different specimens. Figure 10 . For all defects a damage threshold is noted after three load/unload cycles, at a shear strain of around 0.15 %, then the modulus starts to drop and the damage factor increases. These results suggest that the damage development is not significantly affected by the embedded defects.
Compression properties
Description of stacking sequence
In the second part of this study the influence of the embedded defects on compression 
Microstructure analysis
C-scan inspection of all plates indicated no significant defects outside the embedment regions.
Only a variation in thickness revealed the presence of defects in samples cured without a caul plate for the gap and overlap of half-tow width (3.175 mm).
Scanning electron microscopy revealed no porosity in any of the plates. For the reference samples with a gap of 0.5mm (Figure 12 (ii)) there is no sign of the gap with or without caul plate. For the laminates with a 3.175 mm gap manufactured without a caul plate, two resin rich zones are visible in the 90° plies (Figure 12 (iii) ). The defect in the four lower plies has been partly filled during cure but those in the four upper plies in contact with the vacuum bag have not been filled. In the latter the autoclave pressure has pushed the material away from the defect. A significant swelling of the central plies at 90° has also introduced a large thickness variation. When specimens with the same defect were cured with a caul plate however, the defects were completely healed both on the mould side and the side in contact with the caul plate, due to the pressure distribution during cure ( Figure 12 (iii)). Only a slight thickness variation remains.
For the specimens with the overlap defect a local variation in thickness of all the plies is apparent. The presence of the embedded defect will alter the stress state, but the tests were analyzed as if the specimens were homogeneous The thickness variation is limited when a caul plate is employed. Without the caul plate a large increase in thickness is noted ( Figure   13 ).
Results of compression tests
Compression tests were then performed on all specimens. The stress-strain curves recorded, Figure 14 , show the strain behavior measured on both surfaces of specimens with the AFP reference gap, a gap of 3.175 mm and an overlap of 3.175 mm. These plots show that the introduction of severe defects leads to buckling before failure. This occurs on the surface of the specimens either in contact with the caul plate or the vacuum bag. Figure 15 and Table 1 show the variation of the compression modulus measured on the surface of the specimens in contact with the mold during cure. The theoretical tensile modulus for this stacking sequence is 45.7 GPa. The values for the manually laid-up, AFP reference material and with a 3.175 mm are all very similar with and without caul plate. For the overlap cured with a caul plate however, there is an increase in apparent modulus due to the buckling of the specimens. When no caul plate is used the apparent modulus drops, due to the variation in cross-section and the increased resin content in the 0° plies near the defects.
The apparent compression strengths, calculated in the defect zones, are shown in Figure 16 and Table 1 . The 0.5 mm gap has no effect compared to the values for the manually laid-up specimens. The 3.175mm gap produced with a caul plate results in a drop of 12% compared to the AFP reference due to the small thickness variation, and 20% without a caul plate due to the larger thickness variation. The overlap results in a similar drop to the gap when a caul plate is used. Without the caul plate the thickness change causes a large drop in strength of around 55% compared to the reference AFP specimens. These results correspond to an extreme case in which several superposed defects are tested. It should be emphasized that staggering of these defects will limit their influence significantly, as has been shown previously, e.g. [20] .
Conclusion
The results from this experimental study show the influence of severe embedded defects on the microstructure and in-plane shear and compression properties of carbon-epoxy laminates.
Two stacking sequences, containing gaps and overlaps were analyzed. First, an alternating lay-up [(-45°/+45°) 3 /-45°] was studied. The presence of gap and overlap defects in two different plies prevented healing of the microstructure resulting in resin-rich regions for gaps and fiber-rich regions for overlaps. These effects were limited by curing with a caul plate. Inplane shear test results indicated that overlaps were less critical than gaps for shear properties, particularly when the caul plate was used. Load/unload cycles showed similar damage development for all specimens.
Then a [90°4/0°3/90°4] stacking sequence was examined. The superposition of plies with the same orientation allows partial healing of gaps and overlaps during cure without a caul plate and complete healing when a caul plate was used. Compression tests were dominated by buckling, resulting in a strong influence of defects when no caul plate was used. The use of a caul plate limits this failure mechanism.
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